SUMMARY To test the hypothesis that patients at risk of future cardiac events can be identified by submaximal exercise testing with radionuclide ventriculography (RVG), 61 patients were studied a mean of 19 ± 1.0 days (± SEM) after acute myocardial infarction (MI). RVGs were used to measure left ventricular ejection fraction (LVEF), wall motion score (WMS), end-diastolic volume (EDV) and end-systolic volume (ESV), and the ratio of systolic blood pressure to ESV (P/V index) at rest and during submaximal exercise. Frank lead ECGs were analyzed for ST-segment change and arrhythmias. These patients were followed for a mean of 9.6 months (60 for 6 months or more and one for 3 months) to determine the incidence of cardiac death, recurrent MI, unstable or medically refractory angina, persistent congestive heart failure (CHF) or limiting angina; these problems were considered to be important cardiac events. At the 6-month follow-up, 37 patients had important complications: four patients died, five had MI, seven had unstable or medically refractory angina, 11 had persistent CHF and 10 had severe limiting angina.
THE PROGNOSIS of patients after myocardial infarction (MI) has been studied extensively. Several clinical criteria and diagnostic procedures have been used to identify patients at risk for subsequent complications;'4 however, the sensitivity and specificity of these tests vary widely.7 Exercise testing has been used as a screening test for the presence of physiologically important coronary artery disease and has been suggested to be a relatively safe and effective means of predicting future cardiac events both remote from8 and early after9' 10 MI.
Radionuclide ventriculography (RVG) provides an additional means to evaluate patients with coronary
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artery disease."' 12 In addition to alterations in the ECG, changes in both right and left ventricular ejection fraction (LVEF), regional wall motion, and left ventricular (LV) volumes may be evaluated both at rest and during exercise.'83-' Submaximal exercise testing coupled with RVG provides important functional information in patients with recent MI. '9 However, despite the sensitivity of exercise RVG for the identification of functionally important coronary artery disease, its use in predicting high-and low-risk patients after MI has not been described. In the present study we evaluated the hypothesis that submaximal exercise testing coupled with the myocardial scintigraphic characterization of ventricular function before hospital discharge in patients with recent MI might provide important information regarding prognosis in the ensuing 6 months.
Methods Patients
All patients admitted to Parkland Memorial Hospital between August 1978 and December 1979 in whom a diagnosis of acute MI was made were considered for study. The 61 patients studied represent more than 85% of patients with acute MI who did not have the exclusion criteria outlined below and were admitted to the coronary care unit at Parkland Memorial Hospital during this period. Patients with unstable angina, severe congestive heart failure (CHF), musculoskeletal disorders impairing their ability to exercise, or who refused to provide informed consent were excluded. Age, sex, hypertension (blood pressure > 180/100 mm Hg), therapy with digoxin, blockers or antiarrhythmics, or abnormalities in the ECG that complicated interpretation of the ST segments were not considered reasons for exclusion. It has been our policy to obtain submaximal exercise tests with scintigraphy before discharge in all such patients to detect serious arrhythmias and severe myocardial ischemia. '9. 20 The study population consisted of 60 patients in whom enough follow-up information to assess clinical course and subsequent cardiac events was available for at least 6 months after infarction (table 1). Another patient was included at 3 months and was lost to follow-up thereafter.
We studied 38 men and 23 women, mean age 54 years (range 25-80 years). Fifteen Abbreviations: MI = myocardial infarction; ETT = submaximal exercise testing. the supine, feet-up position on a bicycle ergometer. The Frank lead system was used to monitor continuously the electrocardiographic responses28 at rest and during exercise. Cuff-determined blood pressures at rest and near the completion of each exercise level were also recorded. Graded exercise was performed beginning at 150 or 300 kilopond meters (kpm) and was increased by 150-300 kpm at each subsequent exercise level depending on age, body habitus and performance at the earlier exercise levels. The duration of exercise was approximately 4 minutes at each work load. Exercise was continued until a heart rate of 130 beats/min or one of the following end points was reached: (1) progressive chest discomfort compatible with angina pectoris; (2) complex ventricular arrhythmias; (3) ST-segment depression of . 0.2 mV compared with resting morphology; (4) decreasing systemic arterial blood pressure; and (5) incapacitating fatigue or dyspnea. Patients who had angina or STsegment displacement were allowed to complete the current exercise level to permit collection of the scintigraphic data. Electrocardiographic monitoring was continued for 10 minutes after completion of the-last exercise level. Horizontal or downsloping ST-segment depression . 0.05 mV or ST elevation 2 0.1 mV was considered significant.24' 26 A separate analysis using ST depression . 0.1 mV as the criterion was also conducted.
Radionuclide Technique and Imaging Protocol
Multigated equilibrium blood pool imaging was performed after in vivo labeling of red blood cells with 30 mCi of technetium-99m sodium pertechnetate according to a standard technique."' Data were collected with a standard gamma scintillation camera (Ohio Nuclear series 100) equipped with an all-purpose, parallel-hole collimator and interfaced with a dedicated on-line computer system (Ohio Nuclear VIP-450). Resting equilibrium gated blood pool scintigrams were obtained in multiple projections, including a modified 25-50°left anterior oblique (LAO) projection as required for the best septal definition and LV isolation.
Scintigrams at rest and during submaximal exercise were acquired for a preselected time interval of 2-3 minutes and 90-100% of the cardiac cycle. Imaging 536 CIRCULATION began at each work load after the completion of 1 minute of exercise, which allowed the heart rate to stabilize and uninterrupted gating to proceed. At each work load during exercise, heart rate did not vary by more than 10% of the value recorded at the start of the scintigraphic data collection.
Analysis of Radionuclide Ventriculograms The LVEF was calculated by a standard technique using the background-corrected activity from the regions of interest constructed over the ventricle at end-diastole and end-systole." LV volumes were calculated by a nongeometric technique recently developed and validated by our laboratory, as well as by others."6-18 The ratio of systemic arterial systolic blood pressure and LV end-systolic volume (LVESV) (P/V index) was calculated by dividing the cuff-determined systolic blood pressure by LVESV corrected for body surface area (LVESVI) as described previously. 17 LV segmental wall motion was analyzed subjectively using a cinematic display of the entire cardiac cycle as well as a two-frame display of end-diastole and end-systole. The left ventricle was divided into five segments and each was graded according to the following scale: 4 = normokinesis, 3 = hypokinesis, 2 = severe hypokinesis, 1 = akinesis, and 0 = dyskinesis ( fig. 1 ). The scores for each segment were summed at rest and at each exercise level, and the results are reported as a percentage of the maximal possible score. The following variables of LV function were evaluated for their ability to identify patients at risk for subsequent cardiac events: a resting LVEF < 50% and < 35%; failure of the LVEF to increase by at least 5 units during exercise; failure of the P/V index to increase by 35% during exercise; an increase in LVESVI greater than 5% during exercise; or a decrease in wall motion score during exercise. 17 An initial increase in LVEF with a subsequent decrease of 5 units or more was considered significant even if the peak submaximal value was 5 units greater than the resting value. Maintenance with exercise of a resting LVEF of > 75% or an increase less than 5 units was also considered normal.
Follow-up
The clinical course and hospital records of all patients were reviewed. Thirty-three patients were examined by one of the investigators during the followup period. The hospital and clinic records of 14 patients cared for by other physicians at this institution were reviewed. Nine patients and the immediate family of five patients (four of whom had died) were interviewed by telephone. The mean follow-up period for all patients was 9.6 months. Those who had no subsequent cardiac events were followed for 10.5 months (range 6-20 months), whereas those with subsequent cardiac events were followed for 9 months (range 1-24 months). Twenty patients with and 15 patients without subsequent cardiac events were followed for more than 6 months. For the purposes of this study, the following were considered important cardiac events: sudden death, cardiac death, recurrent MI, episodes of unstable angina and medically refractory angina resulting in surgical intervention (hereafter referred to as medically refractory angina), persistent CHF (including episodes of pulmonary edema and persistent physical and radiographic evidence of CHF) and classic angina pectoris considered to interfere with preinfarction lifestyle. Death, recurrent MI and medically refractory angina were considered major cardiac events and the others were considered minor events. Six-month follow-up was available on all but one patient. Follow-up was discontinued after coronary artery bypass surgery.
Statistical Methods
The analysis of intergroup differences was performed using a one-way analysis of variance26 and appropriate multiple range test for the continuous variables of interest.27 Similarly, differences between groups in categorical variables were analyzed using Fisher's exact test26 for equality of group proportions. McNemar's test26 was used to compare the sensitivities of two diagnostic techniques in a given set of patients.
Stepwise discriminant analyses28 were performed to assess the degree to which the clinical, exercise and RVG variables were able to predict the occurrence of subsequent cardiac events at 3 months, 6 months, and at the last available follow-up. At each follow-up period, the patients were classified into the following groups: (1) no cardiac events; (2) any cardiac event; (3) relatively "minor" cardiac events (limiting angina or persistent CHF); and (4) at least one major cardiac event (death, sudden death, new MI, medically refractory angina). In the discriminant analysis procedure, linear combinations of the predictor variables, called 537 classification functions, were obtained for the purposes of predicting group membership. The stepwise procedure successively enters these variables into the analysis on the basis of their discriminating power. At each stage of the procedure, the ability of the variables currently in the analysis to classify correctly the patients into the different groups is evaluated by determining the proportion of patients which are classified correctly. To adjust for possible bias, a jackknife procedure28 was used. Therefore, the discriminant analysis evaluation and the modification of this evaluation using the jackknife procedure represent an attempt to classify patients using the variables described without influencing the classification results obtained from this specific patient population. (unifocal or multifocal ventricular premature complexes, coupled or bigeminal premature complexes, ventricular tachycardia, and R-on-T ventricular premature complexes) during submaximal exercise were not significant predictors of subsequent prognosis in the patients we studied. Exercise-induced ST depression > 0.1 mV was significant in predicting cardiac events (p = 0.03), but did not distinguish between major and minor events. Clinical Outcome Thirty-eight of the 61 patients had at least one cardiac event and 23 had no subsequent events. Seven of the 61 patients died (four suddenly), eight had recurrent MI and nine had unstable or medically refractory angina during the follow-up period. Five had clinical or radiographic evidence of persistent CHF and nine patients had limiting angina despite medical therapy.
After 3 months of follow-up, cardiac events had occurred in 31 of the 38 patients who ultimately had such events. There was a tendency to move from less to more important events, with the number who had major events increasing from 1 1 at 3 months to 16 at 6 months and 24 at the last follow-up. The number of patients with minor events decreased from 20 at 3 months to 14 at last follow-up. Six patients entered the group with cardiac events between 3 and 6 months; three of these patients had limiting angina, two had persistent CHF and one had a recurrent MI and died. The clinical course of the 61 patients during the follow-up period is shown in figure 2 . Between 3 and 6 months, five patients who had no event, limiting angina or persistent CHF at 3 months progressed to major cardiac events. Between 6 months and the last follow-up, an additional eight patients progressed to major events ( fig. 2) . Thus, the percentage of patients with major cardiac events increased from 18% at 3 months to 26% at 6 months and 39% at the last followup period. Therefore, of those patients who developed cardiac events, major events were present in 35% by 3 There were no important complications resulting from the submaximal exercise testing in these patients. Six patients (10%) had both angina and STsegment abnormalities, and all six had subsequent cardiac events. Two patients had chest pain only and 15 patients had ST-segment changes only and had subsequent cardiac events. Of the 15 patients who developed ST-segment depression of 0.1 mV or greater, 13 had subsequent cardiac events (table 3) . Three of these patients also had exercise-induced angina. Of those patients with both ST depression of 0.1 mV or greater and chest pain, one had a major event at 6 months and all had a major event when followed beyond 6 months. Of the 13 patients with cardiac events, seven had major and six had minor events at the 6-month follow-up.
There were no differences in the heart rate or blood pressure between patients who had and those who did not have subsequent cardiac events (table 3) Except for the percentage change in resting end-diastolic volume index, the "no-event" group was significantly different from both "major events" and "minor events" (a = 0.05). However, only for peak exercise left ventricular ejection fraction was the major-event group significantly different from the minorevent group (a = 0.05). fig. 3 ). However, only the peak submaximal exercise LVEF differed significantly between patients with major events compared with those who had minor events during the follow-up period (p < 0.05). Figure 4 shows the mean rest and peak submaximal exercise LVEF, LVESVI and P/V index for the patients grouped according to no cardiac event, any cardiac events and the individual cardiac events separately. The patients who died tended to have the lowest LVEF and P/V index at rest and during submaximal exercise and had the largest LVESVI, whereas those with limiting angina had the highest LVEF and P/V index and the lowest LVESVI. Patients who had persistent CHF had scintigraphic variables more comparable to those in patients who had major cardiac events. with exercise in the LVEF and LVESVI were rated the most important variables in the first step of the discriminant analysis, with LVEF entering first at the 3-month follow-up and the last follow-up and LVESVI entering first at the 6-month follow-up. The change in P/V index always ranked third because of its lesser specificity and ability to differentitate major from minor events. The resting LVEF and history of MI alternately entered second. Of the seven patients who eventually died, only two had resting LVEF less than 35%, three were less than 40%, and four were less than 50%. Four of the patients who died had recurrent MIs before death. The change in LVEF during submaximal exercise at hospital discharge correctly classified 90% of the patients at the 3-month and last follow-up period into their respective event or no-event groups. The change in LVESVI during exercise correctly classified 92% of patients at the 6-month followup period. At 6 months, resting LVEF entered second and increased significantly the percentage of correct classification in distinguishing major from minor events. The resting LVEF, again entered second at last follow-up, had a much less pronounced effect on the number of patients classified correctly (table 6) . A history of MI, anterior location of the MI, Killip class, change in LVEDVI and resting wall motion score were the only other variables entered by the discriminant function and, along with resting LVEF and change in LVEF with exercise (6 months), helped distinguish major from minor events.
The sensitivity, specificity and accuracy of each of the scintigraphic variables for the identification of patients who developed subsequent cardiac events are displayed in tables 7 and 8. Changes in LVEF, LVESVI and the P/V index during submaximal exercise were all highly sensitive and specific. Changes in wall motion score had a sensitivity and specificity of 81% and 88%. Exercise-induced changes in LVEF, LVESVI and P/V index all classified patients better than resting LVEF < 35% or < 50%, ECG alterations (0.05 mV of ST depression or 0.1 mV of ST elevation, and 0.1 mV of ST depression), history of MI, anterior Abbreviations: Sens = sensitivity; Spec = specificity; Acc = accuracy; LVEF = left ventricular ejection fraction; P/V pressure-volume; STI = ST-segment depression; STI = ST-segment elevation; MI = myocardial infarction. location of infarction, and Killip class (p < 0.001). Changes in LV wall motion score were also significantly better than these less sensitive variables (p < 0.05).
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Of the patients without cardiac events after 3 months, 70% had no abnormality of LVEF, LVESVI or P/V index during submaximal exercise testing before hospital discharge. These variables were even more accurate in predicting an event-free follow-up period at 6 months (specificities approximately 88%). The improved specificities at 6 months are accounted for by the reclassification of six patients from falsepositives to true-positives between 3 and 6 months of follow-up.
Discussion
We tested the hypothesis that patients with recent acute myocardial infarction who are at risk for future cardiac events within 6 months can be identified by submaximal exerecise testing with RVG before hospital discharge. We have shown that this is a safe procedure19 that yields important clinical and functional information.1. 81 The results of this study indicate that in the immediate postinfarction period two populations of patients can be defined. One group is at risk for subsequent cardiac events and the other has a relatively small incidence of cardiac events in the ensuing 6 months. Whereas most investigators considered only death"' 9, 90 or recurrent MI10 31 as significant events, we have included medically refractory angina, persistent CHF and limiting angina as well.
Thirty-eight of the 61 patients in this study eventually had at least one of the cardiac events we considered important during the follow-up period.
Although limiting angina, persistent or recurrent CHF and unstable angina have not been considered significant events in most previous studies, we have found that a substantial number of patients who present with these events eventually die, have recurrent MI or medically refractory angina ( fig. 2 ). In the patients we studied, 11 of 20 with these specific events eventually had more serious complications or died. Thus, at least some of these patients are at risk for sudden major complications during longer periods of follow-up.
Unlike other investigators,, 10' 31 we did not withhold cardiac medications before testing; 47 of the 61 patients (77%) were receiving either digoxin, ,B blockers, long-acting nitrates, antiarrhythmic agents or a combination of these agents. The frequent use of cardiac medications in our study population could account for the relatively poor sensitivity and specificity (table 7) of the exercise ECG in identifying patients at risk for future events. However, because most patients will be continued on their medications chronically, it may be unrealistic to conduct testing of this type in the absence of medical therapy. We also used supine bicycle ergometry instead of treadmill testing and used the Frank lead system instead of the standard 12-lead system or modified V, leads.23
The resting LVEF in our patients is different from that in the patients described by Borer et al. 30 Resting LVEF was 39% in Borer's patients; in our patients it was 55%. This difference is almost certainly attributable to patient selection, as subendocardial infarction occurred more frequently in our patients (41% vs 5%). Battler et al.6 studied 102 patients 1-4 days after MI and found a mean LVEF of 45%. However, this study was performed early after infarction and therefore 542 CIRCULATION SUBMAXIMAL EXERCISE AFTER MI/Corbett et al. Multivariate discriminant-function analysis consistently defined the changes in LVEF and in LVESVI during submaximal exercise as the most important variables separating patients into cardiac event and no cardiac event categories. The changes in LV P/V index with submaximal exercise classified patients in a manner similar to the LVEF. The discriminant analysis was less successful in separating patients into major, minor and no-event groups than it was in simply distinguishing cardiac event from no-event groups (table 6) . This is at least partially explained by the grouping together of patients with persistent CHF and limiting angina. Figure 4 shows that the scintigraphic variables, LVEF, ESVI and P/V index for the group with persistent CHF (considered a minor event), were more comparable to those in patients who had major events than in those who had limiting angina, the other minor event group. Resting LVEF, history of MI, wall motion score, change in LVEDV, anterior infarct location, and Killip class were less important. Although differences in the mean values of all the scintigraphic variables were detected, the sensitivities and specificities of the changes with exercise in LVEF, LVESVI and P/V indexes were significantly better than all the others (p < 0.001). The ability of the discriminant function to classify patients appeared best at the 6-month follow-up; after 6 months, progression of disease may become important, which reduces the specificity of most variables to predict outcome. 
